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A new acentric ferromagnetic material, VO(SeO2OH)2, has been synthesized and characterized by
single crystal X-ray diffraction, second harmonic generation (SHG), and magnetization measure-
ments. The crystal structure of VO(SeO2OH)2 consists of linear chains of corner-shared V4þO6

octahedra that are connected by SeO2OH groups. The material exhibits a weak SHG efficiency,
comparable to R-SiO2, and a ferromagnetic transition (TC) at ∼2.5 K with a saturated magnetic
moment of 1.09 μB per formula unit (μB/FU). The origin of the ferromagnetism is explained by the
suppression of the antiferromagnetic superexchange (SE) and supersuper-exchange (SSE) interac-
tions in the intra-chain and inter-chain magnetic interactions, respectively. In addition, using first
principles density functional theory (DFT) calculations, we show that the SSE interactions depend on
theO(2)-Se4þ-O(3) angle. As we demonstrate, the stereoactive lone-pair on Se4þ is the driving force
for the inter-chain ferromagnetic interactions.

Introduction

Inoxides, the lone-pair associatedwithmaingroupmetals,
for example, Se4þ, Te4þ, I5þ, and so forth, is of topical
interest attributable to their inclusion in materials that
exhibit functional properties such as multiferroic behavior,
ferroelectricity, and second-order nonlinear optical
behavior.1-6 With these cations, the stereoactive lone-
pair creates a highly asymmetric and locally polar co-
ordination environment.7-9 This coordination environ-
ment may be exploited with respect to magnetoelectric
behavior, where magnetic ordering is observed in con-
junction with macroscopic and reversible polarization

(ferroelectric behavior), for example, BiFeO3 and
PbVO3.

10-15 The magnetic ordering is attributable to
the indirect interactions between the transition metal
cations, Fe3þ and V4þ through O2-, respectively. The
magnetic interactions are well understood through the
Goodenough-Kanamori (GK) rules16,17 where the sym-
metry and the electron occupancy of the interacting or-
bitals on pairwise neighboring magnetic centers are con-
sidered to understand the magnetic ground state. The
great success of the GK rules was recognized as super-
exchange (SE) interactions are critically dependent on
structural variations. For example, ferromagnetic inter-
actions in edge-shared magnetic octahedra, M2O10, are
favored when superexchange (SE) interactions between
the “magnetic” cations are reduced, that is, when the
M-O-M angle is close to 90�.16-18 Despite the remark-
able success of the GK rules, what is not well understood
is magnetic behavior led by supersuper-exchange (SSE)
interactions that are mediated through complex non-
magnetic groups such as lone-pair polyhedra (SeO3,
TeO3, etc).

19,20 In addition, it is worth investigating any
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analogies between SE and SSE interactions associated
with the GK rules.
Recently, Kim et al.20 have reported the reinvestigation

of the magnetic properties of VOSe2O5 (tetragonal, space
group P4cc, Z= 8) where the linear chains of corner-
shared VO6 octahedra are aligned in a square lattice. The
chains are all connected to each other along the sides and
the diagonals of the square by one lone-pair Se2O5 group.
VOSe2O5 exhibits a ferrimagnetic ground state through
three magnetic transitions, and shows frequency depen-
dent magnetic behavior at lower temperatures. These
complicated magnetic properties were explained through
the lone-pair Se2O5 group that provides inter-chain mag-
netic interaction paths, for example, SSE interactions.
The explanation described how critically the lone-pair
Se2O5 groups contribute to the SSE interactions. For deeper
insight, our aimwas todiscover a somewhat simplermaterial
whose magnetic interactions are mediated through lone-
pair groups.
In our effort to find new V4þ magnetic materials,

VO(SeO2OH)2 (tetragonal, space group P421c, Z=4)
was discovered through the use of oxalic acid dihydrate
(C2H2O4 3 2H2O) as a mild reducing reagent. VO(SeO2OH)2
exhibits a somewhat simpler structure compared toVOSe2O5

(see Figure 1). In VO(SeO2OH)2, linear chains of corner-
shared VO6 octahedra are aligned in a square lattice, that
are only connected along the sides by one lone-pair
SeO2OH group. Interestingly, ferromagnetic transition
(TC = ∼ 2.5 K) is observed with a saturated magnetic
moment of 1.09 μB/FU. The magnetic coupling constants
for intra-chain and inter-chain interactions were evalu-
ated through first-principles density functional theory
(DFT) calculations. Subsequently, we demonstrate for
the first time that the inter-chain interactions, for example,
the SSE interactions, are dependent on the O-Se4þ-O
angle in the lone-pair SeO2OH group. The critical role of
the stereoactive lone-pair on Se4þ is described analogous
to the GK rules.18,21,22 In this paper, we report on the
synthesis, crystal structure, second harmonic generation
(SHG), magnetic properties, electronic structure calcula-
tions, and structure-property relationships of a new
acentric ferromagnetic material, VO(SeO2OH)2.

Experimental Details

Reagents. V2O5 (Alfa Aesar, 99.6%), SeO2 (Alfa Aesar,

99.4%), and C2H2O4 3 2H2O (Alfa Aesar, 98%) were used as

received.

Synthesis. VO(SeO2OH)2 was discovered utilizing oxalic

acid dihydrate (C2H2O4 3 2H2O) as low melting flux (melting

point Tm=101-102 �C) as well as a mild reducing reagent.23

VO(SeO2OH)2 was prepared by combining V2O5 (0.181 g,

1.00mmol), SeO2 (0.221g, 4.00mmol), andC2H2O4 3 2H2O(0.127g,

1.00 mmol).The mixture was thoroughly ground, pressed into a

pellet, and placed in a 23 mL Teflon-lined autoclave. Mixing the

reagents thoroughly was determined to be important in obtaining

the highest possible yield of VO(SeO2OH)2. No additional liquid,

water, acid, or base, was added to the autoclave. The autoclavewas

closed, heated to 150 �C for 24 h, and cooled to room temperature

(RT) at 6 �C hr-1. The product contained aggregated violet block-

shaped crystals. However, the powder X-ray diffraction (PXRD)

patternof the product confirmed amixturewas formed (seeFigure 2).

Themajor phase, subsequently determined to beVO(SeO2OH)2 by

single crystal X-ray diffraction (see below), was found in nearly

90% yield based on V2O5. We were unable to identify the minor

phases in thePXRD;however, thesephases are soluble inhotwater.

Thus, the as synthesized product was ground and placed in hot

water to dissolve any soluble impurities. The recoveredproductwas

washedwith excess amounts of distilledwater and acetone, andwas

confirmed as VO2(SeO2OH)2 by powder X-ray diffraction

(PXRD). The calculated and experimental X-ray diffraction

patterns are in excellent agreement as shown in Figure 2. We

found that the molar ratio (m) of SeO2/V2O5 is critically im-

portant to synthesize pure phase VO2(SeO2OH)2. With m < 4,

VOSeO3 3H2O
24 was produced as a major phase and, in addi-

tion, an excess amout of oxalic acid leads to the formation of

elemental Se, as confirmed by PXRD analyses.

Figure 1. Ball-and-stick representation of VO(SeO2OH)2 in the (a) ab-
plane and (b) bc-plane. For clarity, the full occupation ofV(1) is assumed.
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Single Crystal X-ray Diffraction. A violet block-shaped crys-

tal (0.03� 0.03�0.09 mm3) was chosen for single-crystal data

collection. The data were collected using a Siemens SMART

APEX diffractometer equipped with a 1K CCD area detector

using graphite-monochromated Mo KR radiation. A hemi-

sphere of data was collected using a narrow-frame method with

scan widths of 0.30� inω, and an exposure time of 60s per frame.

The data were integrated using the Siemens SAINT program25

with the intensities corrected for Lorentz-Polarization, air ab-

sorption, and absorption attributable to the variation in the

path length through the detector face plate.ψ-scans were utilized
for the absorption correction on the data.25 The data were

solved by direct methods and refined against F2 by full-matrix

least-squares techniques using SHELXS-97 and SHELXL-97,

respectively.26 All of the atoms in the structure were refined with

anisotropic thermal parameters, and the refinements converged

for I > 2σ(I). The Flack parameter refined to -0.01(1). The

structure was checked for missing symmetry elements using

PLATON.27 Relevant crystallographic data, atomic coordi-

nates and thermal parameters, and selected bond distances

and angles for VO(SeO2OH)2 are given in Tables 1, 2, and 3,

respectively.

Powder X-ray Diffraction. The PXRD data were collected on

a PANalytical X’pert pro diffractometer using CuKR radiation

in the 2θ range 5-90�. A step size of 0.008 degrees (deg) with a

scan time of 0.3 s/deg were used.

Magnetic Measurements. For the magnetic measurements, a

Quantum Design Magnetic Property Measurement System

(MPMS) was utilized. Direct current (DC) magnetization mea-

surements were performed with ∼23 mg of the powder sample,

loaded in a diamagnetic capsule. The field cooled magnetiza-

tions for a warming cycle weremeasured at 50 and 1000Oe from

1.8K to 350K. Themagnetic hysteresis curve wasmeasured at 2K

by sweeping the applied magnetic field from -7 to 7 T(T).

Thermogravimetric Analysis. Thermogravimetric analysis

(TGA)was performed on aTGA951 thermogravimetric analyz-

er (TA Instruments). The sample (∼ 20.0 mg) was placed in a

platinum crucible and heated at a rate of 10 �Cmin-1 from room

temperature to 800 �C in flowing N2.

UV-vis Diffuse Reflectance Spectroscopy.UV-visible reflec-

tance data were collected on a Varian Cary 500 scan

UV-vis-NIR spectrophotometer over the 200-1500 nm spec-

tral range at room temperature. Poly(tetrafluoroethylene) was

used as a reference material. The reflectance spectrum

was converted to absorbance using the Kubelka-Munk

function.28,29

Second Harmonic Generation (SHG). We performed powder

SHGmeasurements on amodified Kurtz-NLO30 system using a

pulsed Nd:YAG laser with a wavelength of 1064 nm. A detailed

description of the equipment and methodology has been

published.31 The sample was ground and sieved into distinct

particle size ranges (20-45, 45-63, 63-75, 75-90, >90 μm)

because of size-dependent SHG efficiency.30 To make relevant

Figure 2. Experimental and calculated PXRD patterns. The PXRD
patterns of the product taken before and after the washing step are drawn
as black- and red-solid lines, respectively. The asterisk (*) indicates
unidentified reflections from impurity phases. The blue-solid line is the
calculated PXRD pattern from our refined single crystal data.

Table 1. Crystallographic Data for VOHO(SeO2)2

formula VO(SeO2OH)2
fw (g/mol) 322.88
T (K) 296.0(2)
λ (Å) 0.71073
crystal system tetragonal
space group P421c (No. 114)
a (Å) 8.9181(3)
c (Å) 7.9708(6)
V (Å3) 633.94(6)
Z 4
Fcalcd (g/cm3) 3.38
μ (mm-1) 13.029
2 θmax (deg) 57.6
R (int) 0.0273
GOF (F2) 0.905
R(F)a 0.0186
Rw(Fo

2)b 0.0303
Flack param. -0.010(11)

a R(F) =
P

||Fo| - |Fc||/
P

|Fo|.
b Rw(Fo

2) = [
P

w(Fo
2 - Fc

2)2/P
w(Fo

2)2]1/2.

Table 2. Atomic Coordinates and Equivalent Isotropic Displacement

Parameters (Å2 � 103) for VO(SeO2OH)2

x y z Ueq
a occ.

V(1) 0 0.5 0.19612(8) 9(1) 0.924(1)
V(2) 0 0.5 0.3042(9) 14(2) 0.076(1)
Se(1) 0.79107(3) 0.20768(3) 0.22444(3) 13(1) 1.0
O(1) 0 0.5 -0.0044(2) 20(1) 1.0
O(2) 0.8112(3) 0.3932(2) 0.2495(2) 18(1) 1.0
O(3) 0.6071(2) 0.1928(2) 0.2631(2) 16(1) 1.0
O(4) 0.8544(2) 0.1463(2) 0.4244(3) 25(1) 1.0
H(1) 0.921(3) 0.169(4) 0.437(4) 44(11) 1.0

aUeq is defined as a third of the trace of the orthogonalizedUij tensor.

Table 3. Selected Bond Distances (Å) in VO(SeO2OH)2

V(1)-O(1) 1.5980(15) V(2)-O(1) 1.526(8)
V(1)-O(2) � 2 1.981(2) V(2)-O(2) � 2 1.983(3)
V(1)-O(3) � 2 1.993(2) V(2)-O(3) � 2 2.038(3)
V(1)-O(1) 2.3874(15) V(2)-O(1) 2.459(8)

Se-O(2) 1.676(2) H(1)-O(4) 0.64(3)
Se-O(3) 1.675(2)
Se-O(4) 1.7772(17)
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comparisons with known SHGmaterials, crystallineR-SiO2 and

LiNbO3 were also ground and sieved into the same particle size

ranges.No indexmatching fluidwasused in anyof the experiments.

Computational Details.A disorder free structure was adopted

for the calculations, that is, full occupancy on V(1) was assumed

(see Table 2). First principles density functional theory (DFT)32,33

electronic band structure calculations for VO(SeO2OH)2 were

performed with the plane wave pseudopotential method.34 As

implemented in the Quantum ESPRESSO (4.0.1 version) pack-

age,35 ultrasoft pseudopotentials (USPPs)36 were utilized with

the Perdew-Burke-Ernzerhof (PBE) exchange-correlation

functional of a generalized gradient approximation (GGA)37

for the exchange-correlation corrections. On-site repulsion was

employed in GGAþU method38 to properly take into consid-

eration the electron correlation in the V 3d states. Here, the ef-

fectiveUeff parameter of 2 and 3 eV on the V atomwas adopted.

A plane wave energy cutoff was set to 37Ry. The k-point grid of

4� 4� 6 was used for the Brillouin zone integrations with a

Gaussian smearing of 0.01 Ry. A total energy convergence

threshold set to 10-6 Ry indicated self-consistency.

Results and Discussion

Structure. VO(SeO2OH)2 crystallizes in the noncentro-
symmetric space group P421c (No. 114) that is in crystal
class 42m, a non-chiral and non-polar crystal class (see
Table 1).39 VO(SeO2OH)2 exhibits a three-dimensional
structure, consisting of chains of corner-shared VO6

octahedra that run parallel to the c-axis. The chains are
connected by the SeO2OH group (see Figure 1). The V4þ

cation is statistically disordered over two sites, V(1) and
V(2), with 92.4(1)% and 7.6(1)% occupancies, respec-
tively (see Table 2). In connectivity terms, the structure
can be written as {[VO6/2]

2- 2[SeO2/2(OH)1/1]
1þ}0. The

V-O and Se-O bond distances range from 1.594(2) to
2.391(2) Å and 1.674(2) to 1.777(2) Å, respectively, and
bond valence calculations40,41 resulted in values 4.16 and
3.98 for V4þ and Se4þ, respectively.
The thermal stability of VO(SeO2OH)2 was investi-

gated through thermogravimetric measurements (see
Supporting Information, Figure S1). VO(SeO2OH)2 be-
gins to decompose at ∼130 �C by releasing 1 mol of H2O
(Exp: 94.7%; Calcd: 94.7%). Two additional steps were
observed at ∼330 �C and ∼410 �C attributable to SeO2

loss (Exp.: 68.0%; Calcd 68.7%). Finally, VO2 remains as
confirmed by PXRD.
The UV-vis diffuse reflectance data as shown in Sup-

porting Information, Figure S2 reveals that the optical

band gap energy of approximately 2.9 eV and the three
peaks seen in the region of 1.2-2.3 eV attributable to d-d
transitions of the V4þ cations.
Powder second-harmonic generating measurements30,31

revealed an efficiency comparable to R-SiO2. The weak
SHG is not unexpected as VO(SeO2OH)2 is neither polar
nor chiral. Although some of the local polarity is present,
for example, the SeO3 polyhedra and distorted VO6 octa-
hedra, the individual polarizations are directed in oppo-
site directions resulting in a macroscopically non-polar
material. In addition, there is no chirality, that is, “hand-
edness”, associated with VO(SeO2OH)2. The cancellation
of the local polarity, in conjunction with the lack of
chirality, results in a weak SHG efficiency.
DCMagnetizationMeasurements.The temperature de-

pendent dc-magnetizationmeasurements were performed
in the range of 2-350 K under magnetic fields of 50 and
1000 Oe. Figure 3a shows the temperature dependent
molar susceptibility (χmol vs T) curve measured at 50 Oe
where a ferromagnetic transition is clearly exhibited
below ∼4 K. Above 4 K, the χmol

-1 at 1000 Oe (see inset
in Figure 3a) fits well to a modified Curie-Weiss equa-
tion given as C/(T - ΘCW) þ χ0 where C, ΘCW, and χ0
represent the Curie constant, the Weiss temperature, and

Figure 3. (a) Molar magnetic susceptibility (χmol) of VO(SeO2OH)2
curvesmeasuredat 50Oe (blue-open circles). Inset shows χmol

-1measured
at 1000Oe (red-open circle) with a Curie-Weiss fit (black solid line) from
5-300 K. (b) The magnetic hysteresis curves measured at 30 K (red-open
circles) and 2K (blue-open circles) in external magnetic fields from0-7 T
and from-7 to þ7 T, respectively.
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a temperature independent term, respectively. From the
Curie-Weiss fit, an effective magnetic moment (μeff)
value of ∼1.74(1) μB per V4þ was estimated that is in
good agreement with the theoretical spin-only value of
1.73 μB per V

4þ. TheWeiss temperature and the tempera-
ture independent term estimated are of 3.87(1) K and
1.8(3)�10-4 emumol-1Oe1-, respectively.Asmentioned,
the molar susceptibility, χmol, deviates from Curie-Weiss
behavior below ∼4 K, as seen in the 1/χmol vs T curve.
The deviation is attributable to the ferromagnetic spin
alignment of the unpaired electron on the V4þ at TC=∼
2.5 K. Isothermal magnetization curves weremeasured at
2 and 30 K (see Figure 3b). The magnetization curve
measured at 30 K changes linearly in the paramagnetic
state. The magnetic hysteresis curve measured at 2 K
reveals soft ferromagnetic behavior with a saturated
magnetic moment of 1.09 μB/FU that is also consistent
with the full spin alignment of the unpaired electron on
the V4þ.
Electronic Band Structures. The first principles DFT

electronic band structures were carried out for
VO(SeO2OH)2 with four different magnetic states using
the GGAþU method where Ueff was set at 2 and 3 eV. It
should be noted that the GGAþU method would not be
appropriate if the filled V 3d orbitals in VO(SeO2OH)2
exhibited any orbital degeneracy. Such orbital degener-
acy is not allowed attributable to the distorted VO6

octahedra in the structure. Also, it is noted that the spin
polarized state calculations with GGA alone result in
metallic states for VO(SeO2OH)2.

20 In order to investi-
gate the theoretical ground state, we considered a ferro-
magnetic and three antiferromagnetic (AF1, AF2, AF3)
states, as shown in Figure 4, where their magnetic unit
cells are equivalent to the crystal structure. The relative
total energies of the four spin states (Figure 4) with two
different Ueff values are listed in the Table 4 where the
ferromagnetic (FM) state energy was set to zero. The
calculations indicate that the calculated ground state is
a ferromagnetic state, consistent with our magnetic
experiments.

The total and projected density of states, TDOS and
PDOS, respectively, of the FM state were calculated with
Ueff=2 eV using the Quantum-Espresso code (ver. 4.0.1)
(see Figure 5).35As shown inFigure 5, an energy band gap
exhibited at the Fermi level is also in agreement with the
insulating nature of the title material. Below near -1.5 eV,
the up- and down-spin DOSs are almost identical to each
other, indicative of the weak spin polarization. However,
only one up-spin DOS peak appears near -0.7 eV to EF

where the PDOSs reveals predominant contributions of
V 3d orbitals and weak contributions of O 2sp and Se sp
orbitals. Further detailed PDOSs examinations confirmed
that the V 3d is solely V 3dxy where the Cartesian axes,
x and y, are parallel to the equatorial V-O bonds.
Also, only the axial O(1) contribution is negligible in
the up-spinDOS peak. From these results, it is reasonable
to probe themagneticmoments primarily localized on the
V4þ cation whose spin polarizations induce the spin
polarizations on the non-magnetic ions with distinguish-
able intra- and inter-chain spin polarization paths that are
mainly distinct below -1.5 eV and above to EF, respec-
tively, in the electronic structure.
To examine the spin polarizations of VO(SeO2OH)2,

we initially performed spin polarization density calcula-
tions using the pseudopotential method. Figures 6a and
6b reveal the total and partial spin polarization density
isosurfaces, respectively. The spin polarization density,
FS(r), is defined as FS(r)=Fv(r)-FV(r) where Fv(r) and FV(r)
indicate spin-up and spin-down densities, respectively.

Figure 4. Schematic representations of the four different spin states. For clarity, only the V sites are shown with blue-filled circles (up-spin) and red-filled
circles (down-spin).

Table 4. Relative Energies (eV/FU) of Four Different Magnetic States of

VO(SeO2OH)2

ΔE (meV/FU)

states Ueff = 2 eV Ueff = 3 eV MTot (μB/FU)

FMa 0 0 1
AF1 0.33 0.41 0
AF2 0.29 0.13 0
AF3 0.62 0.54 0

a Indicates the calculated ground state whose total energy set to 0 eV.

Figure 5. TDOS (black solid line) andPDOSsofV 3d (blue solid line), Se
(yellow solid line), O (green solid line), and H (brown solid line) of
VO(SeO2OH)2 in the ferromagnetic (FM) state calculated using the
Quantum-Espresso code. Up(down)-spin channel is seen in the upper
(lower) panel with the Fermi level set at 0 eV.
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The total spin polarization isosurface plotted shows
larger positive isosurfaces on the V4þ cations that resem-
ble the density of the 3dxy orbital

42,43 because only the up-
spin 3dxy orbital is fully occupied. The complex patterns
of the induced spin polarizations are observed in the other
atoms. In particular, relatively larger negative spin polar-
izations are induced on the axial O(1) atom (see Table 4).
This induced polarization on O(1) is associated with
magnetic interactions in the [-V-O(1)-V-] linear chain
where there are negligible orbital overlap integrals be-
tween the magnetic orbital and the O(1) 2sp orbitals (see
Figure 7a). Thus, antiferromagnetic superexchange (SE)
interactions16-18 are suppressed that result in favorable
ferromagnetic interactions between the intrachain V4þ

cations. Likewise, the nearly equivalent spin polarization
on the V4þ is shown in the partial spin polarization density
isosurface calculated from-1.5 eV toEF (seeFigure 6b).As
mentioned above, attributable to the negligible contribu-
tion of the axial O(1) atom, the isosurfaces reveal inter-
chain magnetic interactions (although the magnetic
interactions are complex) as the magnetic cations are
connected by the non-magnetic SeO2OH group. In fact,
the isosurface is equivalent to the total electron density
isosurface in the energy region where the down-spin
DOS is negligible (see Figure 5). Interestingly, the plot
shows the positively spin polarized lobes along on the
O(2)-Se4þ-O(3) that correspond to σ-type bonding char-
acteristics of the lone-pair group. Therefore, a plausible
magnetic interaction pathway is the shortest pathway,

V4þ-O(2)-Se4þ-O(3)-V4þ(see Figure 7b), where all of
the ions are almost in the same plane. The magnetic orbital
of V4þ in the VO6 octahedron is well described.44 An
interesting question is how the magnetic orbitals result in
magnetic interactions mediated through Se4þ cations,
that is, interchain magnetic interactions. In this regard
we initially speculated that the interchain magnetic inter-
action, specifically, supersuper exchange (SSE) interac-
tions, might be susceptible to structural variations45,46 in
terms of the O(2)-Se-O(3) angle since M-O-M angle
dependent SE interactions are well understood on edge-
shared MO6 octahedra.

47

To describe how critically the SSE interactions are
dependent on the O(2)-Se-O(3) angle, we performed
angle-dependent DFT calculations withUeff=2 and 3 eV

Figure 6. Total and partial spin polarization density (-1.5 eV toEF) isosurfaces in (a) and (b), respectively, plotted at 1.4� 10-3 e-/Å3 for VO(SeO2OH)2
calculated using the Quantum-Espresso code. For clarity, one layer of VO(SeO2OH)2 is chosen from 0c to þ0.5c. The blue (red) color indicates positive
(negative) spin polarization.

Figure 7. (a) Intrachain O(1)-V-O(1) orbital interaction (the O(1) px
orbital is not shown for clarity) along the c-direction. Note that the total
orbital overlap is zero. (b) Interchain SSEmagnetic orbital interactions in
the ab-plane via V-O(2)-Se-O(3)-V.

Figure 8. Relative energy (ΔE) regarding the inter-chain magnetic inter-
actions with respect to the O(2)-Se-O(3) angle (θ) calculated atUeff= 2
(orange circles) and 3 eV (green circles). The two filled circles indicate the
experimentally determined O(2)-Se-O(3) angle of 99.3(1)�. The upper
and lower spin polarization density isosurface plots at 4.5 � 10-2 e-/Å3

indicate FM and AF2 states with Ueff = 2 eV, respectively, calculated
using the Quantum-Espresso code.

(42) Seo, D.-K. J. Chem. Phys. 2006, 125, 154105/1.
(43) Seo, D.-K. J. Chem. Phys. 2007, 127, 184103/1.

(44) Wheeler, R. A.; Whangbo, M. H.; Hughbanks, T.; Hoffmann, R.;
Burdett, J. K.; Albright, T. A. J. Am. Chem. Soc. 1986, 108, 2222.

(45) Koo, H.-J.; Whangbo, M.-H.; VerNooy, P. D.; Torardi, C. C.;
Marshall, W. J. Inorg. Chem. 2002, 41, 4664.

(46) Whangbo, M.-H.; Koo, H.-J.; Dai, D. J. Solid State Chem. 2003,
176, 417.

(47) Kahn, O.Molecular Magnetism; Wiley-VCH Inc.: New York, 1993.
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for FM andAF2 states whereby the O(2)-Se-O(3) angle
ranges from 96-109�. Note that the experimentally deter-
minedO(2)-Se-O(3) angle is 99.3(1)� and each intra-chain
magnetic interaction is ferromagnetic in both spin states.
Figure 8 shows the relative energy (ΔE) plots with respect
to the O(2)-Se-O(3) angle (θ) where ΔE is defined as
EFM - EAF2 in meV per unit cell (/UC) with respect to
interchain magnetic interactions. It should be noted that
at each point in Figure 8, the bond valence sum for Se4þ

was close to 4.0, indicating that in changing the O(2)-
Se-O(3) angle, the Se-Obond distances were chemically
reasonable. The plots reveal a remarkable feature in that
the SSE interactions are O(2)-Se-O(3) angle dependent,
that is, the FM state becomes less stable as the angle
increases and eventually the AF2 state becomes stable. In
otherwords, the antiferromagnetic interchain interactions
are enhanced as theO(2)-Se-O(3) angle increases. From
the calculations, the ferromagnetic interchain interactions
are favored between 96-105� and 96-102� at Ueff = 2
and 3 eV, respectively. This feature resulting from the
competition, ferromagnetic versus antiferromagnetic in-
teractions, is quite analogous to what is observed in edge-
shared M2O8 octahedra or edge-shared M2O6 squares
such as [Cu2O6]

42-47 where the increasedM-O-Mangle
from 90� provides nonzero magnetic orbital overlap
integrals that enhance the favorable antiferromagnetic
interactions, that is, the GK rules. The relevance of the
orbital overlap integrals on Se sp orbitals (see Figure 7b)
is observed, analogous to GK rules. Consequently, anti-
ferromagnetic SSE interactions are favored with the
increased O(2)-Se-O(3) angle. This interpretation sup-
ports the experimental magnetic measurements as V(1)
and V(2) are almost on the same plane of O(2)-Se4þ-
O(3). It is alsoof interest to compare themagnetic behavior
of VO(SeO2OH)2 with Pb2A2VO9 (A=V5þ or As5þ)48

and Li2VOTO4 (T=Si4þ or Ge4þ),49,50 where a stereo-
active lone-pair is not observed. In both of Pb2A2VO9 and
Li2VOTO4, the SSE magnetic interactions between the
V4þ cations are mediated through either A5þ or T4þ,
cations that do not have a stereoactive lone-pair. Each
AO4 and TO4 tetrahedron has a Oeq-T-Oeq angle of
109.0(2)� and Oeq-A-Oeq angle of 106.3(4)-107.1(6)�
where Oeq is bonded to V4þ. Thus the antiferromagnetic
SSE interactions are enhanced resulting in favorable anti-
ferromagnetic interactions, as is experimentallyobserved.48-50

Consequently, the lone-pair on Se4þ in VO(SeO2OH)2
decreases the O(2)-Se-O(3) angle to 99.3(1)�, reducing the
antiferromagnetic SSE interactions, and is the driving
force favoring the ferromagnetic behavior. Thus, the
ferromagnetic behavior in VO(SeO2OH)2 is attributable
to the reduced antiferromagnetic SE and SSE interactions
caused by the negligible orbital overlap integral and the
smaller O(2)-Se-O(3) angle, respectively.
Finally, the magnetic exchange parameters were esti-

mated using the total energies of the four spin states as
listed in Table 4. As the magnetic exchanges are mediated
through chemical bonds, we consider the magnetic ex-
change interactions, J1, and J2 as the nearest and next
nearest magnetic exchange interactions in the chain and
J3 as the magnetic inter-chain interaction (see Figure 9).
The relevance of J2 may be supported by the largest
induced magnetic moments of O(1) (see Table 5).44 The
energies of the four orderedmagnetic states can bewritten
in terms of spin Hamiltonian,

H ¼ -
X

i<j

JijŜi 3 Ŝj

where Jij (= J1, J2, and J3) is the magnetic exchange
parameter for the pairwise magnetic interaction between
the magnetic sites i and j, and Ŝi and Ŝj are the spin

Figure 9. Two intra-chain magnetic interactions given as J1, and J2 and one inter-chain magnetic interaction given as J3 are drawn.

Table 5. Magnetic Moments on V
4þ
, Se

4þ
, and O

2-
in the Ferromagnetic

State of VO(SeO2OH)2 with Ueff = 2 and 3 eV Calculated Using

Quantum-Espresso

Ueff (eV) V Se O(1) O(2) O(3) O(4) H

2 1.1463 0.0197 -0.1627 -0.0077 -0.0102 0.0016 0.0002
3 1.1898 0.0216 -0.1807 -0.016 -0.017 0.0016 0.0002

(48) Mentre, O.; Koo, H. J.; Whangbo, M. H. Chem. Mater. 2008, 20,
6929.

(49) Bombardi, A.; Rodriguez-Carvajal, J.; Matteo, S. D.; Bergevin,
F. d.; Paolasini, L.; Carretta, P.; Millet, P.; Caciuffo, R. Phys. Rev.
Lett. 2004, 93, 027202/1.

(50) Rosner, H.; Singh, R. R. P.; Zheng, W. H.; Oitmaa, J.; Drechsler,
S. L.; Pickett, W. E. Phys. Rev. Lett. 2002, 88, 186405/1.
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angularmomentumoperators at themagnetic sites i and j,
respectively. When J > 0, a ferromagnetic interaction is
favored. The total magnetic exchange energy of the four
spin states can be described as

EFM ¼ N2

4
ð- 2J1 - 2J2 - 4J3Þ

EAF1 ¼ N2

4
ð2J1 - 2J2 - 4J3Þ

EAF2 ¼ N2

4
ð- 2J1 - 2J2 þ 4J3Þ

EAF3 ¼ N2

4
ð2J1 - 2J2 þ 4J3Þ

where N defined as unpaired electrons per magnetic site
is 1.51,52 Using the equations above, the magnetic exchange
parameters of J1, J2, and J3 may be expressed as

J1 ¼ -EF þEAF1

¼ -EAF2 þEAF3

J2 ¼ -EF -EAF3

¼ -EAF1 -EAF2

J3 ¼ 1

2
ð-EF þEAF2Þ

¼ 1

2
ð-EAF1 þEAF3Þ

and are summarized in Table 6. Themagnitudes of J1 and J2
are larger than that of J3. As expected, J3 is ferromagnetic.
Interestingly, J1 and J2 have opposite signs thatmay result in
a weak ferromagnetic intra-chain interaction.48 Overall, the

small values of J1 and J2 are anticipated from the orientation
of theV3dxyorbitals that are not pointing toward eachother
along the chain, and a small J3 is attributed by the magnetic
interactions between the chains that are mediated through
the complex non-magnetic SeO2OH group. In addition, the
small J-values are also consistent with the very low Curie
temperature (TC ∼ 2.5 K) and the small Weiss tempera-
ture (ΘCW=3.87(1) K). As mentioned above, J3 is the
magnetic inter-chain interaction that is dependent on the
O(2)-Se-O(3) angle because J3 is also defined as one-
half of the relative energy (ΔE) with the opposite sign.

Conclusion

In summary, we have successfully synthesized and
characterized a novel acentric ferromagnetic material
VO(SeO2OH)2withTC=∼2.5K,byusingoxalic aciddihyd-
rate as a reducing agent. Such acentric ferromagnetic
materials are rare. The novel structural features result in
reduced antiferromagnetic SE and SSE interactions in the
intra- and inter-chain pathways, respectively, attributable
to the negligible orbital overlap integrals between the
V 3dxy and the O(1) 2sp orbitals, and the small orbital
overlap integrals on Se sp orbitals. Specifically, theO(2)-
Se-O(3) angular dependence on the magnetic inter-chain
interaction is described through an extension of the GK
rules. In addition, it is demonstrated, for the first time,
that the stereoactive lone-pair on Se4þ is the driving force
favoring the inter-chain ferromagnetic interactions.
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Table 6. Estimated Magnetic Exchange Parameters (meV) from the

GGAþU (Ueff = 2 and 3 eV) Calculations

Ueff (eV) J1 J2 J3

2 0.33 -0.62 0.15
3 0.41 -0.54 0.07
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